Embryonic hypothalamic tissue originating from spontaneously hypertensive rats (SHR) was implanted in young normotensive Wistar Kyoto rats in an attempt to localize hypothalamic regions directly responsible for the induction of hypertension.
A 25% increase in host systolic blood pressure as compared with the controls was recorded 3 months after implantation in the animals receiving rostra1 hypothalamic tissue (R-SHR), whereas blood pressure was not affected in the animals grafted with caudal hypothalamic tissue (C-SHR). The hypertension in the R-SHR group was accompanied by hypertrophy of the heart and kidneys. The number of vasopressin-immunopositive (VPi) parvocellular cells in the hypothalamic paraventricular nucleus (PVN) of the R-SHR group was massively reduced (by 72%), while that of the tyrosine hydroxylase-immunopositive cells displayed no change. In the suprachiasmatic nucleus of these animals the VPi cell number was unaltered.
In the C-SHR, the amount of parvocellular VPi cells was also unaltered. The likelihood that the brain undergoes severe morphological changes during the development of hypertension is indicated by a marked loss in brain weight and volume in spontaneously hypertensive rats (SHR) (Nelson and Boulant, 198 1; Bendel and Eilam, 1992) . The regulation of blood pressure is maintained through interactions among several central and peripheral mechanisms.
The hypothalamus (HTH) is a central structure that integrates autonomic and neuroendocrine information (Swanson and Sawchenko, 1983) . Both the rostra1 and caudal HTH regions play a major role in blood pressure regulation (Ciriello and Calaresu, 1980; Xiao and Brezenoff, 1988) . Genetic hypertension in rats is associated with structural and neurochemical alterations that develop gradually in various hypo-thalamic regions; the basic levels of adrenergic amines, such as epinephrine and norepinephrine in the caudal HTH (Nagaoka and Lovenberg, 1977; Winternitz et al., 1984) , as well as of angiotensin II in the rostra1 HTH (Meyer et al., 1990) , are higher in the SHR than in the normal strain. On the other hand, far lower brain levels of vasopressin (VP) and oxytocin (OT) have been measured in the rostra1 HTH region of the hypertensive rats than in the normal strain (Morris and Keller, 1982) . Quantitation ofcell size and cell density during the maturation process has revealed significant changes in the paraventricular and supraoptic nuclei (located in the rostra1 hypothalamus)
in the SHR compared with normotensive rats (Fukushima et al., 1968; Nelson and Boulant, 1979) . Interestingly, SHR were found to display brain ventricular enlargement during the same period (Bendel and Eilam, 1992) . It is still unclear whether these modifications play a causal role in inducing hypertension. In a previous study (Eilam et al., 199 l) , we have shown that adult normotensive Wistar Kyoto (WKY) rats are rendered hypertensive when grafted with tissue taken from the HTH of SHR embryos, results that were confirmed by Murphy et al. (199 1) . In the present study, we explore the physiological and morphological consequences of transplants of rostra1 and/or caudal regions of the HTH of SHRs in normotensive rats.
Materials and Methods
Trunspluntation.
Pregnant dams were killed by cervical dislocation. Their 15d-old embryos were dissected out under sterile conditions and placed in an oxygen-enrich, chilled L15 solution. The HTH was separated from the septal area by a coronal cut at the level of the chiasma, from the midbrain by a coronal incision at the level of the mammillary bodies, and from the pyriform cortex and ventral forebrain by two sagittal sections. The isolated HTH was divided into rostra1 and caudal regions at the level of the zona incerta and each segment was removed separately (see Results).
Eight-week-old WKY rats were grafted with 3 ~1 of either rostra1 or caudal embryonic SHR hypothalamic tissue (R-SHR and C-SHR, respectively) aiming at the bottom of the third ventricle (Eilam et al., 199 1) . In order to obtain volumes approaching those of a whole HTH, two rostra1 or two caudal segments were used for each implantation. The controls consisted of (1) WKY rats imnlanted with embrvonic rostra1 WKY HTH tissue (g-WKY), (2) WKY rats receiving &da1 WKY HTH tissue (C-WKY), (3) WKY rats grafted unilaterally-approximately 1 * 0.1 mm to the left of the third ventricle-with rostra1 SHR HTH tissue, (4) WKY rats grafted unilaterally (as group 3) with caudal SHR HTH tissue, (5 and 6) sham-operated (i.e., needle aimed at the third ventricle) WKY and SHR rats, respectively. Systolic blood pressure.
Systolic blood pressure (SBP) was measured by tail plethysmography in conscious rats. Recordings were taken with a pneumatic pulse transducer, connected to a physiograph. The mean SBP is presented as the average of four measurements for each rat.
Body, heart, and kidney weight. At different times postimplantation the animals were weighed, anesthetized, and perfused with 4% para- formaldehyde in phosphate-buffered saline. The hearts and kidneys were implanted regions were submitted to an immunohistochemistry prothen excised, washed with saline, blotted, and weighed.
cedure, using a technique described previously (Eilam et al., 1991 with synthetic VP (1: 100 &ml) or OT (1:200 pgrnl) of selected sections from different levels (i.e., anterior commissural nucleus, anterior PVN, and medial PVN) completely eliminated staining in control sections. The OT antieen was rat nosterior pituitary solubilate (Ben-Barak et al., 1985) which is an unequivocal anti-oxytocin-neurophysin in all dilutions. In our experimental conditions, the vasopressin antibody recognized mainly vasopressin-neurophysin [but it did cross-react with OT-neurophysin at 1:500 dilution, which we avoided or with different fixations, i.e., mixture of paraformaldehyde (1%) with glutaraldehyde (2.5%)].
Nissl staining. Three months postimplantation, alternate brain sections (25-35 pm) of R-SHR and control animals were stained for Nissl (and also for vasopressin). Stained somata containing clearly visible nuclei in the various regions of the paraventricular nucleus (PVN) were counted under a light microscope (x 250-I 000) in both the experimental and control groups.
Cell counts. The PVN was divided into three magno-and five parvocellular regions (Swanson et al., 198 1; Sawchenko and Swanson, 1982) . The cells in the various regions were counted according to their type, using a light microscope at high-power magnification ( x 250-l 000). The VP-and TH-immunopositive (VPi and THi, respectively) or VPi OTimmunopositive (OTi)-stained cells were counted in alternate sections. Double counting errors were corrected according to the method of Abercrombie (1946) .
Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-blotm mck-end labehng (TVNEL) (Gavrieli et al., 1992 , with some modifications). Floating vibratome sections were stripped of protein by incubation with 20 Mg/ml proteinase K (Sigma Chemical Co.) for 15 min; sections were then washed four times in Tris-buffered saline (TBS; pH 7.2). The sections were mounted on slides (without drying!) and each section covered with 10 ~1 reaction solution [55 ~1 dH?O; 10 ~1 10x RX buffer, 2 ~1 TdT (30 U), 10 ~10.025 M CoCl, (TdT kit from Kodak, New Haven, CT); 20 ~1 0.5 mM Bi-2 1 -dUTP (Clonetech Laboratories Inc., Palo Alto, CA)] and incubated in a humid box at 37°C for 60 min. The reaction was terminated by rinsing the sections thoroughly in TBS. The sections were then incubated for an additional I hr (37°C) with FITC-extra-avidin solution (1:20; Biomakor, Rehovot, Israel). Statisticul analyses. Cell counts were compared by one-way analysis of variance (ANOVA) for each of the time periods. The data were analyzed using logarithmic transformation (to obtain groups with similar variances). ANOVA was followed by Fisher's LSD multiple comparison procedure. Blood pressure differences among groups were analyzed by means of the Duncan test. The other results were compared using the paired and unpaired Student's t test when appropriate. The results are presented as mean ? SEM.
Results
Examination of the sections of the grafted animals revealed intergroup variations in graft size. The maximal ventraldorsal length varied between 390 and 840 Km, and the anterior-posterior extent ranged between 500 and 850 Frn. The rostra1 grafts contained some VPi, OTi, and THi cells (Figs. 1, 2); their caudal counterpartq on the other hand, lacked VPi and OTi cells, but were richer in THi neurons and fibers. These findings confirmed that the regions harvested from the fetal tissue were reliably separated into rostra1 and caudal segments.
Although the systolic blood pressure (SBP) of the R-SHR increased considerably during the 8 month postoperative period, it invariably remained below that of the sham-operated SHR animals (Fig. 3) . In the C-SHR, SBP did not change sig- The table shows values ofheart and kidney weight (Hw, Kw) normalized by body weight (Bw), 1 and 8 months, respectively, postimplantation in sham-operated spontaneously hypertensive rats (S-SHR), in sham-operated Wistar Kyoto rats (S-WKY), in rats grafted with rostra1 or caudal hypothalamic tissue originating from spontaneously hypertensive rats (R-SHR and C-SHR, respectively), and in rats grafted with rostra1 or caudal hypothalamic tissue originating from WKY rats (R-WKY and C-WKY, respectively).
nificantly. The SBP recordings of the experiment and control groups (excluding those of the unilaterally grafted animals, which were similar to those of the controls) are depicted in Figure 3 . Starting at 4 months, the animals grafted with rostra1 SHR HTH tissue only developed significantly higher SBP @J < 0.05) than rats in which whole HTH tissue had been implanted (Eilam et al., 1991) . Both heart and kidney weights were higher in the R-SHR group than in the control (Table 1) . One month after grafting (i.e., before the onset ofthe rise in SBP), heart weight had already increased, whereas an elevation in kidney weight was noticed only 8 months postimplantation.
The immunohistochemical studies of the brain sections performed 3 months after implantation revealed the number of PVN VPi and THi cells in the WKY (C-WKY and R-WKY) Swanson et al. (198 I) , and Sawchencko and Swanson operated WKY group. Unilateral grafting induced a massive (1982) . In the PVN of the R-SHR, substantial loss of VPi was loss of PVN VPi cells on the graft side but did not cause damage noticed in various parvocellular (P) neuronxontaining regions to the VPi cells of the adjacently located accessory nucleus ( Fig.  (Table 2, Fig. 4) ; with loss was massive in the medial, dorsal, 5). and lateral areas (73%, 82%, and 84%, respectively; p < 0.001) Eight months after transplantation, there was a striking disand nonsignificant in the periventricular and anterior areas. At appearance of PVN VPi magnocellular cells in both R-SHR and 3 months, no VPi P-neuronal loss was detected in the supra-C-SHR (76% and 79%, respectively). The P-cells, on the other chiasmatic nucleus (SCN; Table 2 ). In the C-SHRs, there was hand, decreased substantially (82%) in the R-SHR, and only a notable reduction in the number of VPi magnocellular (M) moderately (27%), albeit significantly, in the C-SHR (Table 2) . cells (Table 2 ). In the R-WKY and C-WKY, the number of VPi Interestingly, the number of VPi P-cells of the SCN at this stage hemisphere of an immunohistochemically VPstained section taken from a rostrally grafted animal; the section was located 100 Km anterior to that displayed in ii. Note massive reduction in number of VPi cells in the grafted hemisphere (left). E and F, High magnification of Nissl-stained hemispheres (E, grafted; F, intact) in section located 100 wrn posterior to that displayed in A. Note moderate reduction in PVN cell population in the grafted hemisphere (A, B, and E). Arrows point toward the needle track. Scale bar (B): 600 Km for A and B, 180 pm for C-F.
was also reduced in both experimental groups (Table 2) . In contrast to the VPi cells, the OTi and THi (i.e., dopaminergic) cell populations were not affected by the rostra1 graft, as indicated by the lack of difference in PVN cell number between the experimental and control groups (Table 2, Fig. 2) . Moreover, atrophy of the PVN and increase in third ventricle volume (Fig.  6 ) as well as shrinkage of extensive populations of cells in some PVN regions were clearly visible in the R-SHR-grafted animals.
To assess the degree of specificity of cell death, as indicated by loss of VPi cells (Lams et al., 1988 ) the sections were Nissl counterstained. Visual inspection of these sections showed a decrease in density of neuronal somata in regions of the PVN normally rich in VPi cells in both R-SHR and C-SHR. Cell counts in specific areas of the PVN of Nissl-stained sections revealed reduction in the number of somata in the posterior magnocellular region in the C-SHR group (by 26%; p < 0.01) and in the dorsomedial and lateral parvocellular regions in the R-SHR (by 9.5% and 12%, respectively; p < O.OS), as compared and a R-WKY (right, histogram) animal.
with the controls (Fig. 7) . Measurements of neuronal soma profiles of cross-sectional area from serial section of P VPi cells of the PVN region of an R-WKY and an R-SHR animal revealed reduction in cell number (89 vs 47) as well as in cell area (226 ~fi 13 pm2 vs 127 k 10 pm', p < 0.0001) of VPi cells in the examined rat (Fig. 8) . Furthermore, at 3 months, the VPi cells in the rostra1 graft had shrunk and were devoid of fibers (Fig.  l) , as opposed to the our previous findings at 1 and 2 months of implantation (Eilam et al., 199 1) . Interestingly, OTi and THi cells in the grafted tissue wcrc intact at 3 months ofimplantation, showing abundant sprouting of fibers (Figs. 1, 2) . Another method employed for the indication of cell death after transplantation is the TUNEL stain; it involved labeling of DNA ends in situ with BiUTP via terminal transferase (Gavrieli et al., 1992) for visualization of programmed cell death (apoptosis) at single-cell level. The staining revealed a clear pattern of nuclear staining. The fragmented nuclei are similar to those seen with the intercalating DNA dye DAPI in tissue culture (Abbadie et al., 1993) . A striking and selective staining of cells in the PVN region mainly in the lateral and medial P areas, but not in the PVN periventricular or neighboring areas in R-SHR, was seen (Fig. 9) . 
Discussion
In recent years, an extensive network of extrahypothalamic VPand OT-containing neurons has been identified within the CNS (Sofroniew and Schrell, 198 1; Sawchenko and Swanson, 1982) . Some of these peptidergic fibers appear to terminate in areas of the brainstem and spinal cord that are known to be involved in the regulation of cardiovascular functions. The origin of the majority of these fibers seems to be in the hypothalamic PVN. Although the function of VP in the brainstem has not yet been clarified, it has been suggested that this peptide participates in the control of the baroreceptor reflex (BRR) as neuromediator, eventually producing a decrease in heart rate and cardiac output (Montany et al., 1980) . VP acting as neuromediator would be consistent with phenomena observed in different studies. Thus (1) microinjections ofVP to brainstem nuclei altered profoundly neuronal firing frequency and caused reduction in BP and heart rate when applied to the rat brainstem region (Morris et al., 1980; Matsuguchi et al., 1982) ; (2) reduction in VP levels in the CNS of adult hypertensive rats (SHR), particularly in the PVN and brainstem, occurred concomitantly with a decrease in BRR activity (Judy et al., 1979; Mohring et al., 198 1) ; (3) evidence gathered in humans and animals suggests that even plasma VP concentrations within physiological range may elevate BP in cases in which the compensatory role of the BRR is impaired (Montani et al., 1980; Mohring et al., 1981) .
There is little information about the role of the central OT in BP regulation, although immunohistochemical studies have shown that there are more OT than VP fibers (4: 1) in the brainstem (Sofroniew and Schrell, 1981; Swanson and Sawchenko, 1983) .
In a previous study we found that transplantation of whole hypothalamic tissue taken from SHR embryos induces hypertension in the hosts (Eilam et al., 1991) . The present study confirms and extends this observation by showing that rostral, but not caudal, HTH produced a severe rise in SBP in the grafted animals, demonstrating that the pathological factors involved in the transplantation effect show regional specificity in the HTH. Consistent with this finding was the observation that transplanted whole (Eilam et al., 199 1) HTH tissue exerted a weaker influence on SBP than the rostra1 part of the HTH alone, not withstanding the comparable size of the grafts.
The development of hypertension in the SHR strain has been reported to occur concomitantly with degeneration of various brain regions, including the PVN (Nelson and Boulant, 198 1) . In the present study, the profound elimination of VPi P-cells in the PVN of the rostrally grafted rats (R-SHR) 3 months postoperatively (particularly in the dorsal and lateral regions, which project mainly to the spinal cord or to the brainstem; Figs. 4, 9) coincident with an increase in SBP (Fig. 3) . Specific reduction in VP content in the PVN of SHRs has been reported (Lang et al., 198 1; Morris and Keller, 1982) , findings that are compatible with preliminary studies in our laboratory (R. Eilam, unpublished observations) , which showed that in the PVN of intact mature (2-8 months) SHRs a gradual diminution of the VPi P-cells takes place, followed by a reduction in VPi M-cells (at 6-12 months). On the other hand, in rats with peripherally induced hypertension, the number of VPi cells (Eilam, unpublished observations) , as well as VP levels (Sladek et al., 1988) remained unchanged. It seems reasonable to assume, therefore, that the large reduction in VPi P-cells, as observed in the R-SHR, was a contributory factor in the development of hypertension (and not vice versa). In the C-SHR, the magnitude of VPi P degeneration 8 months postimplantation was presumably too small to affect SBP. This proposition seems plausible in view of the fact that unilateral grafting failed to alter the SBP. The lack of effect of the unilateral grafting on BP may be ascribed to noninterference with the contralateral hemisphere, thus allowing extensive survival of its VPi PVN cells (Fig. 5) .
The high blood pressure in intact SHR may result from imbalance between the neuronal (parvocellular) and hormonal (magnocellular) components of the VP system (Unger et al., 1986) or, quite likely, may be due to a disequilibrium between the VP and other systems (Palkovits and Zaborszky, 1977; Olpe and Baltzer, 198 1; Unger et al., 1984) including OT. This situation differs from that in the normotensive Brattleboro rat developed by Valtin (1967) in which neither type of cell produces VP. The reported finding that SHR-diabetes-insipidus rats (a crossbreed between spontaneously hypertensive and Brattleboro rats) develop genetic hypertension despite little or no detectible brain or plasma VP (Ganten et al., 1983 ) is in keeping with the hypothesis that in the SHR strain (which is characterized by broad spectrum of deviations) discordance between central VP and other pressor systems may contribute to the hypertension. In the R-SHR, BP increased steadily during the 8 experimental months. On the other hand, the BP of the C-SHR rose only during the first month postimplantation, thereafter showing a plateau at a level significantly lower than that of the R-SHR group. According to the histological evidence, 3 months after implantation the elevation in BP in the R-SHR was accompanied by an alteration in the ratio between M and P VP cells of the paraventricular nucleus, in that the relative number of M cells increased, whereas in the C-SHR the ratio between these two types of cells was reversed. It is therefore logical to assume that the PVN P-cells are critical for BP control. We suggest that the graft-induced imbalance in VP activity may thus be the cause for the elevated BP observed in our R-SHR model.
The reduction of VPi P cells-but not of OTi or THi P cellsin the PVN (Fig. 2, Table 2 ) suggests the adverse effects ofrostral grafts to be cell specific. This, in turn, presents the intriguing possibility that the mechanism underlying the elimination of P cells may be a neurotoxic action of substance-induced overactivation (e.g., by glutamate) toward this type of cells (Herman and Wiegand, 1986; Choi et al., 1987; Garthwaite and GarthWaite, 1990; Rockhold et al., 1990; Bredt and Snyder, 1992) .
Phagocytes, which accompany cell death in the CNS, have been reported in the normal developing brain (a period of naturally occurring massive cell death), in adult human brains in neurological diseases (e.g., Alzheimer, Parkinson; McGeer et al., 1988; Milligan et al., 1991) , and in the initial stages of a certain type of cell death (Beaulaton and Lockshin, 1982; Markram and Segal, 1990; Finch, 1993) . The presence of phagocytelike and pyknotic cells (Fig. 4) , in conjunction with shrinkage of cells 3 months postimplantation (Fig. 8) , as well as of apoptotic cells (Fig. 9) is strongly indicative ofa degenerative process in the PVN of R-SHR. Moreover, the massive loss and shrinkage of PVN cells 3 and 8 months postimplantation may very well have contributed to the dilation of the third ventricle in the grafted animals (Fig. 6) . A comparable ventricular dilation associated with reduced brain weight and volume has been found in adult SHR (Ritter et al., 1988; Bendel and Eilam, 1992) .
The hypertrophy of the heart noticed before SBP started to rise, and that of the kidneys starting 6 months after onset of the increase in SBP in the R-SHR are aberrancies that have been reported previously in the native SHR (aged 1 month and > 18 months, respectively) (Feld et al., 1977; Eccleston-Joyner and Gray, 1988) . These time-related events may indicate involvement of the rostra1 HTH in the pathogenesis of these organs (Jin and Rockhold, 1989) which in turn may contribute to the long-term elevation ofthe SBP in the R-SHR. It should be noted that long-term regulatory mechanisms that act to balance arterial BP are mostly related to kidney function. It is conceivable that the long-term hypertension induced by the rostra1 tissue may be partly due to a deleterious effect of the HTH on the kidney, a claim that is supported by the hypertrophy of this organ in such grafted animals. In summary, the present data suggest that the rostra1 and caudal hypothalamic regions of the SHR induce distinct patterns of PVN neuronal (magno-or parvocellular VPi cells) loss in a time-dependent manner. The mechanism by which the rostra1 SHR graft elevates SBP is not yet clear, although it seems plausible that reduction in neuronal VP as a result ofthe elimination of parvocellular PVN VPi cells impairs BBR function, a process that plays a prime role in short-term blood pressure regulation. Resetting ofthis reflex is an important contribution to the longterm adjustment of SBP.
